Brilliant iridescent colouring in male butter£ies enables long-range conspeci¢c communication and it has long been accepted that microstructures, rather than pigments, are responsible for this coloration. Few studies, however, explicitly relate the intra-scale microstructures to overall butter£y visibility, both in terms of re£ected and transmitted intensities and viewing angles.
INTRODUCTION
Certain Lepidoptera display vivid iridescent coloration that exists largely independently of pigmentary colour. The nature of the structures responsible for this iridescence has been studied extensively for over a century (Hagen 1882; Mayer 1897; Onslow 1921; Su¡ert 1924) . Some early workers, using only optical microscopy, correctly concluded that multilayer systems were primarily responsible for this iridescence (Mason 1927) . Later electron microscopy allowed these systems to be imaged and characterized in much greater detail (Anderson & Richards 1942; Lippert & Gentil 1959) . Recent work on a wide range of lepidopteran species has elicited a more complete understanding of their iridescent coloration (Ghiradella et al. 1972; Huxley 1975; Ghiradella 1984 Ghiradella , 1991 .
Researchers have analysed optical properties of large areas of iridescent wing but not single scales. Optical analysis of large wing areas, however, is generally prone to the inconsistencies associated with scale alignment and orientation and to extraneous e¡ects from non-iridescent scales and the wing substrate itself. To establish the true nature of the optical response of the detailed microstructures observed, it is essential to examine single scales.
This study of iridescent coloration in two species of Morpho butter£y is, we believe, the ¢rst that examines the absolute re£ectivity and transmissivity (and their angle dependence) associated with single iridescent scales. This enables quanti¢cation of optical contributions that result from the speci¢c physical structures producing the iridescence.
LEPIDOPTERAN WING SCALES
Lepidopteran wings are generally covered with rows of partially overlapping scales. Most species have two distinct layers of di¡erent scales. Typical scale dimensions are of the order of 75 mm Â 200 mm. The underside of the scales is rather planar and featureless, while the top and externally visible surface has an intricate microstructure. This top surface exhibits one of several forms of ridging that extends longitudinally from one end of the scale to the other. The majority of ridges are connected at intervals by a series of crossribs. Spacing between ridges lies in the range 0.5^5.0 mm depending on species and scale type.
The morphological basis of iridescent colour in butter£ies is determined by the structure on or in the surface of the scales. Generally, this colour-producing structure is predominantly multilayered in nature and interference within these multilayers produces the colour observed. Purely volume-di¡racting (Morris 1975) and Tyndallscattering (Huxley 1976) structures also exist in certain other orders.
Butter£ies in the Morphinae possess distinct layering within their ridging (in some species up to 10^12 layers). Interference of light between these air^cuticle multilayers is the mechanism by which the stunning iridescent blues and violets, characteristic of this order, are produced (Anderson & Richards 1942) . Some species within other orders have similar structures to those in Morpho but with dimensions that support strong re£ection through multilayer interference at ultraviolet (UV) wavelengths (Ghiradella et al. 1972) .
We studied two species of iridescent blue butter£ies: Morpho rhetenor and M. didius. M. rhetenor has one layer of highly iridescent`ground scales' (Ghiradella 1994) on its dorsal wing surface (¢gure 1a), whereas M. didius possesses both a highly iridescent ground scale, lying in a layer next to the wing substrate, and a second layer of neartransparent`glass scales' (Ghiradella 1994) exhibiting relatively low iridescence (¢gure 1b).
MATERIALS AND METHODS
A single ground scale was removed from an M. rhetenor hindwing and a ground scale and a glass scale were removed from a hindwing of M. didius. Each scale was mounted by its basal end onto a ground-down needle tip and then examined with an optical microscope.
Scanning electron microscope (SEM) images were taken using a Hitachi S-3200N electron microscope. Transmission electron microscope (TEM) images were taken after ¢xing samples in 3% glutaraldehyde at 218C for 2 h, followed by rinsing in sodium cacodylate bu¡er. Samples were then ¢xed in 1% osmic acid in bu¡er for 1h, followed by block staining in 2% aqueous uranyl acetate for 1h, dehydration through an acetone series ending with 100% acetone, and embedding in Spurr resin. Post-microtomed sample sections were stained with lead citrate and examined using a JEOL 100S TEM. We then conducted detailed measurements on the optical response functions of an identical set of scales.
A single scale, mounted vertically on its needle, was positioned at the centre of a Euler Cradle, this centre being coincident with the path of a laser beam. In this way, optical re£ection and transmission data could be taken on a single scale at any chosen angle. An achromatic lens was used to focus the incident beam at normal incidence to the scale's upper surface, giving a di¡raction-limited minimum beam waist of ca. 30 mm diameter at the scale. A micromanipulator was employed to ensure this small beam spot was consistently incident in the centre of each scale.
A detector was arranged to scan 3608 in the horizontal plane around the centrally mounted scale, to measure both its re£ec-tivity and transmissivity. An Ar + laser, three He^Ne lasers and a polarizer gave a choice of incident wavelengths and polarizations. Each beam was attenuated to avoid damaging the scale.
A lens with a collection angle of AE 208 was placed in front of the detector to collect the majority of the vertically spread re£ected light. A vertical slit-aperture in front of this lens gave horizontal angle resolution. Signals recorded in re£ection and transmission from the scale at each wavelength were integrated and compared with the integrated signal recorded without the scale present. In this way absolute re£ectance and transmittance were calculated. This method was veri¢ed by replacing the butter£y scale with a small glass plate to check that the re£ec-tion coe¤cient of the glass was equal to that calculated from its refractive index.
Attempts to ¢t theoretical models to experimental re£ectivity data generally su¡er from uncertainties in the value of the complex refractive index of cuticle material that should be used. To address this uncertainty, absolute re£ection and transmission experiments with the M. rhetenor scale in air were repeated with the scale immersed in isopropyl alcohol (IPA). The scale was then removed and dried and the measurements repeated with the scale immersed in bromoform. Both liquids, of refractive indices n 1.38 for IPA and 1.58 for bromoform, ¢lled the spaces between the cuticle multilayering, thus changing the interference conditions that produce strong re£ectance at speci¢c wavelengths. The additional set of optical parameters provided by these immersion experiments permitted establishment of an accurate theoretical model.
To quantify the wavelength-dependent re£ectivity associated with each butter£y over a wider range than that which our lasers could accommodate, a re£ectance spectrometer was employed (Perkin Elmer Lambda 900 UV/Vis/NIR with 150 mm diameter integrating sphere). Although single-scale analysis was not possible due to the spectrometer's design, large wing-area analyses covered the near-UV, a wavelength band in which the vision of some Lepidoptera and their predators shows strong sensitivity (Lutz 1924; Silberglied 1979; . The characteristic blue iridescence exists only in re£ection from the top surface of each scale. The blue of the M. didius glass scale (¢gure 2e, f ), which in comparison with the blue of the ground scales is of relatively low intensity, appears equally intense due to the contrast compensation of the camera.
RESULTS
It is interesting to compare the transmitted colours of each scale. The ground scales of both species are dark brown. This colouring derives both from the optical absorption associated with pigment and the strong blue re£ection from the structure on the top surface. The M. rhetenor ground scale appears darker than that of M. didius, due either to a higher concentration of melanin or to the presence of a more absorbing form of melanin (Nijhout 1991) . The M. didius glass scale appears highly transparent, indicating the absence of melanin.
In ¢gure 3, SEM images of the Morpho scales, and more particularly TEM images of their cross-sections, reveal the periodic upper-surface ridges containing multilayers responsible for the iridescent colour. This structure is one of the two main variants of multilayer structure found in Lepidoptera that display iridescence. The other, found for example in iridescent scales of Urania moths (Lippert & Gentil 1959) , is formed from multilayers that exist within the substrate of the scale itself.
The spatial patterns of re£ection and transmission from single iridescent ground scales of both butter£ies and from a glass scale from M. didius are shown in ¢gure 4a,b. For the ground scales in air, with the beam incident normal to the scale's top surface and the scale oriented so that the ridges run vertically, a broad re£ection of speckle is recorded, spanning over 1008 in the horizontal plane and ca. 158 in the vertical plane.
Re£ection from the M. rhetenor ground scale appears divided into two distinct lobes around the normal to the scale surface (shown in ¢gure 4a, for a 488 nm incident wavelength). TEM images of this scale indicate a distribution of tilts of the multilayer upper and lower surfaces, with respect to the scale normal, around an angle of ca. 158 on one or other side of normal. This appears to support the idea that the lobing and broad angle of re£ected intensity is caused by multilayer surface tilt. Figure 4a also shows the angle-dependent re£ection and transmission from the M. rhetenor ground scale immersed in IPA for 455 nm incident light. Not only is the re£ection from the scale in IPA relatively less intense, with ¢rst-order di¡raction peaks visible in transmission, but the re£ected lobes have separated further in angle. This is entirely expected since the new optical conditions of the IPA^cuticle system only support blue re£ective interference at larger angles of incidence than for the airĉ uticle system. Far fewer multilayers are tilted enough to support this strong blue interference, therefore the re£ec-tion is weaker. In contrast to the double lobing of re£ection from the M. rhetenor ground scale, the M. didius ground scale displays a single broad span of re£ected intensity (¢gure 4b). TEM images reveal that the tilts of multilayer surfaces, with respect to the scale normal, are distributed around the normal itself and not, as in the M. rhetenor scale, around a given angle either side of normal. Here too, the broad angle-spread in re£ection appears to result from the tilting of layer surfaces.
Furthermore, weak di¡raction is observed in transmission through the M. didius ground scale. Di¡racted orders appear at 35.5 AE 0.38 either side of the zero order for 488 nm incident light. This di¡raction necessarily originates from a periodic structure, whose periodicity is calculated from the angle and wavelength to be 0.84 AE 0.01 mm (Hutley 1982) . TEM image measurement of M. didius ground scales yields a regular ridge spacing of 0.83 AE 0.03 mm, con¢rming the periodicity of the ridges as the source of the di¡raction. Di¡raction in re£ection from the ground scale was not discerned.
High levels of transmitted di¡raction appear with the M. didius glass scale. More than 70% of incident light of all measured wavelengths is transmitted (in both directions), with strong di¡raction e¤ciencies (¢gure 4b shows this di¡raction for 488 nm incident light). The angular positions of the di¡raction orders correspond to a periodic spacing of 1.71 AE 0.03 mm. Again, this compares extremely well with the associated ridge spacing of 1.70 AE 0.05 mm, found from TEM images of M. didius glass scales.
The wavelength-dependent absolute re£ectivities and transmissivities in air of single ground scales of M. rhetenor and M. didius (determined by integrating and normalizing the light collected in re£ection from, and transmission through, each scale) are shown in ¢gure 5. Spectrometer data, taken for large-area wing sections of each butter£y, are presented in the top inset graph in ¢gure 5 (overlaid on the single-scale data). The re£ectivity data con¢rm what is discernible to human vision; namely, the upper-wing surface of M. rhetenor is a deeper and more intense blue than that of M. didius. The peak re£ectivity of ca. 40% (measured using the single-scale technique) at ca. 475 nm for M. didius contrasts with the peak re£ectivity of ca. 70% at 450 nm for M. rhetenor. This di¡erence in absolute re£ec-tivity is caused by the greater number of layers within the M. rhetenor ridging (¢gure 3b,d), and is predicted by multilayer theory (Huxley 1968) . It is worth stating that this theory predicts near-100% peak-wavelength re£ection in a system with upwards of ¢ve quarter-wave multilayers. However, the Morpho multilayers are not structured on an exact quarter-wave basis and therefore the re£ectivity falls below 100%. Further reduction in peak re£ected intensity is produced by the discrete nature of the multilayering and through the presence of optical absorption in the scales' structure.
Polarization di¡erences do not signi¢cantly a¡ect re£ected light intensities for the M. didius ground scale, but there is a clear di¡erence in the M. rhetenor scale. This possibly indicates a degree of polarization sensitivity in the photoreceptors of the M. rhetenor species, already found to exist in honey-bees (von Frisch 1965) . Detailed work on the visual system of this species is necessary to con¢rm this.
The spectrometer-generated re£ectivity results (see top inset graph in ¢gure 5), indicate the form of the wing re£ectivity at visible and UV wavelengths. These data are subject to the inconsistencies of large-area measurement described earlier, but they nonetheless indicate the extent of re£ection in the UV. For both species of Morpho, this UV component of wing re£ection is clearly signi¢cant and must contribute substantially to the perception of wing hue by UV-sensitive eyes.
Absolute re£ectivity measurements for the M. didius single glass scale in air, which are not presented here, show a peak of 5^10% at blue wavelengths, decreasing to ca. 3% at other wavelengths.
The bottom insert graph in ¢gure 5 shows that absolute transmission values through both types of ground scale in air are also rather di¡erent. For the M. rhetenor scale there is a constant 3^5% transmission through the scale for all wavelengths. The absolute transmission for the M. didius scale is equally low at blue wavelengths, increasing to ca. 20% at 633 nm. Low transmission at blue wavelengths for both species is expected since a high percentage is re£ected by the multilayer system. At longer wavelengths, where re£ection decreases, low transmission is attributed to absorption as well as to scattering from structures beneath the multilayering. This absorption and the absorption by the underlying wing substrate after scattering in the scale is high, especially for M. rhetenor in which more than 90% of the incident red light is absorbed. This must be included when modelling thermoregulatory e¡ects of iridescent wing scales (Wong et al. 1994) . The modi¢cation of absolute re£ectivity from the M. rhetenor single ground scale in air to that associated with its immersion in IPA is shown in ¢gure 6 (for which the same single scale was used). Clearly the presence of IPA in the multilayer system changes the optical conditions. The re£ectivity from this IPA-immersed single scale peaks at green wavelengths. This agrees with the colour change observed when a drop of IPA is placed on the wing of a complete M. rhetenor specimen. Such change in peak re£ected wavelength may be used to test the validity of theoretical modelling. But in order to model correctly this wavelength-dependent re£ectivity from the multilayer structure, it is necessary to measure accurately the optical absorption associated with the low level of melanin pigment present within it.
For this reason the wavelength-dependent re£ectivity and transmissivity of an M. rhetenor scale immersed in bromoform was measured. Bromoform has a refractive index which matches closely that of the scale cuticle material itself. During immersion, since the whole scale structure is optically matched by the bromoform index, there is negligible re£ectivity and scatter associated with it. All light incident on the scale in the medium of this liquid is therefore either transmitted or absorbed.
Measurement of absolute transmissivities for the scale at each wavelength enables quanti¢cation of the absorption coe¤cient () using Lambert's law (Lothian 1969) . For this calculation the overall multilayer occupancy of the scale in the direction normal to its substrate was taken, from TEM measurements, to be ca. 30%. This is equivalent to a material thickness of ca. 1 mm.
The absorption coe¤cient is related to the imaginary component of the refractive index (k) in the relation 4%k/!, (Wooten 1972) , where ! is the incident wavelength. The calculated optical absorption associated with an M. rhetenor iridescent scale, measured from absolute transmissivity and expressed as k-values, is shown in the inset graph in ¢gure 6. Using traditional multilayer theory (Huxley 1968) , and these values for the optical absorption of the scale, the re£ectivity from the cuticleâ ir and from the IPA^cuticle multilayer system of an M. rhetenor scale was calculated and compared with experimental data. The solid and dashed lines in ¢gure 6 show this theoretical modelling. Cuticle and air^layer dimensions, used in the modelling, are taken from TEM micrographs. The e¡ect of possible sample shrinkage (as reported by other workers (Anderson & Richards 1942; Ghiradella et al. 1972) ) is fully accounted for by using optical di¡raction data from single-scale transmission experiments to normalize the magni¢cation of micrographs.
The value used for the real component of cuticle index, with which the best ¢ts to both air and IPA data are obtained, is n 1.56 AE 0.01. This agrees with published values (Land 1972; M. F. Land, personal communication) . The IPA refractive index used in the modelling is taken from literature.
The spread in tilt angle of the layering within the ridges contributes to the large angle-spread in re£ection, and this modi¢es the absolute re£ectivity from the scale. From measurement of TEM images, this spread in tilt is included in modelling by considering the contribution of a AE158 Gaussian distribution of surface tilts.
In addition, the multilayers in reality possess a reduced e¡ective occupancy within the system due to their incorporation into discrete periodic ridges. This occupancy is estimated to be equivalent to less than ten but no less than ¢ve complete layers. The modelling for both these numbers of layers is presented with the experimental data in ¢gure 6 and serves as a guide to the upper and lower bounds for the theory. The experimental data conform to the predictions of this simple model for both the air-and IPA-immersed scales.
DISCUSSION
Intrasexual communication between males, rather than intersexual or interspeci¢c communication, is thought to be the major selective agent responsible for brilliant coloration in male butter£ies (Silberglied 1984) .
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Proc. R. Soc. Lond. B (1999) Figure 6 . Comparison of wavelength-dependent M. rhetenor single ground-scale re£ectivity in air (solid circles) and in IPA (crosses). Theoretical predictions are represented by solid lines (using ten-layer models) and dashed lines (using ¢ve-layer models), each incorporating a Gaussian angle of incidence spread of ca. AE 15³ (full-width half-maximum of Gaussian distribution taken to be ca. 68). The inset graph shows the imaginary refractive index component (k-value) associated with a single M. rhetenor iridescent scale used in the calculation of theoretical re£ectance curves.
Experimental evidence supports this hypothesis, indicating that not only are males attracted to visual stimuli resembling females, but that they can be repelled from long distances by visual stimuli resembling other males (Obara 1970; Stride 1958; Rutowski 1978 Rutowski , 1981 Silberglied & Taylor 1978) . Brilliant wing coloration appears to have the capacity to serve as an agonistic device that is used for threat (Hingston 1933 ) and for intimidation of rivals for prime locations (Shields 1968) . It has developed in male butter£ies to promote their visibility while in £ight or while resting with open wings.
Although some butter£y pigmentary colours appear bright and highly visible to human eyes, their absolute visibility is substantially inferior to those wing colours that are generated through optical interference. Measurements in this study indicate that over 70% of incident blue light is re£ected from the intra-scale structure of M. rhetenor, far above what can be achieved through pigmentary coloration alone. Selection pressures on these species have caused the evolution of large numbers of multilayers that are appropriately dimensioned for producing this very signi¢cant re£ectivity. Such structural coloration also enables change of hue with wing orientation, narrow spectral purity, the possibility of a strong component of UV re£ection, and distinct polarization e¡ects that are also not attainable with pigments.
Sheer brightness is very likely to serve its main purpose in long-range communication. In terms of the spectral response of human eyes, Morpho can easily be seen from low-£ying aircraft (Silberglied 1984) , and Bates reported visibility from`a quarter of a mile o¡ ' (Bates 1864). However, the spectral response of the eyes of Morpho should not be inferred, simply because our eyes perceive them to be very brightly coloured . In the absence of complete and detailed studies on Morpho visual perception that are not limited to the visible spectrum, several clues should be considered. For instance, a substantial spectral sensitivity of Morpho eyes to the UV component re£ected from Morpho wings may be assumed (Menzel 1975; Silberglied 1984) . The existence, in the eyes of some species, of tapetal re£ectors and interference ¢lters whose function is to enhance colour contrast across a narrow spectral band (Miller & Bernard 1968; Bernard & Miller 1970; Bernhard et al. 1970; Ribi 1980 ) may also apply to Morpho eyes. The photoreceptors in the eyes of a Morpho specimen, shown to exist at least as a trichromatic system, appear to have a maximal response to blue coloration (Swihart 1967) when tested across the human visible spectrum. It is entirely probable that not only does the blue re£ection from a Morpho wing appear bright and highly visible to other male conspeci¢cs, but that it is even more striking to them than to human eyes.
Conspicuousness also has its disadvantages. These male butter£ies must also be highly visible to predatory birds, many of which have UV-sensitive vision . Morpho males appear to be palatable and probably su¡er quite high predation. Their principal defence is thought to be their highly manoeuvrable and erratic £ight (R. B. Srygley, personal communication).
This work introduces an additional element in the subject of Morpho visibility, namely the viewing angle over which they are visible. The discrete nature of the Morpho multilayering within scale ridging enables two distinct e¡ects, both of which enhance the angular spread of light re£ected from the wing. First, the presence of multilayer surfaces that show a distribution of tilts with respect to the scale substrate creates a very large spread in angle over which the characteristic blue light is re£ected. Similar multilayer tilting, increasing the angular spread of re£ected light, has been found in the re£ectors of the crab Ovalipes (Parker 1998) .
In addition, the existence of a second layer of periodically ridged but highly transparent glass scales above the layer of highly iridescent ground scales causes strong di¡raction. This di¡raction does not appear to serve the purpose of optical dispersion, but acts to spread further the angle over which incident light is re£ected. A purely spectral re£ection from a mirror-like surface would severely restrict the solid angle from which the wing can be observed. Long-range communication would in this respect be limited. In the case of the Morpho butter£ies studied here, incorporation into the optical system of either a multilayer surface-tilt distribution, or di¡raction-assisted angle broadening using glass scales, or both, enhances their overall angular visibility.
